HGT (horizontal gene transfer) is recognized as an important force in bacterial evolution. Now that many eukaryotic genomes have been sequenced, it has become possible to carry out studies of HGT in eukaryotes. The present review compares the different approaches that exist for identifying HGT genes and assess them in the context of studying eukaryotic evolution. The metabolic evolution resource metaTIGER is then described, with discussion of its application in identification of HGT in eukaryotes.
Introduction
HGT (horizontal gene transfer) is a powerful evolutionary tool that allows genetic information to move between species. The gain of genes through HGT allows traits to be acquired far more rapidly than through Darwinian evolution. Recently, HGT has spread antibiotic resistance between pathogenic bacteria, allowing the formation of multiresistant 'superbugs'. HGT does not have the same impact on the evolution of multicellular eukaryotes, where transferred genes must become fixed within the germline; however, there are many unicellular eukaryotes that are free of this constraint. Unicellular eukaryotes, including many medically and agriculturally important pathogens, have acquired novel proteins by HGT from bacteria, and therefore may provide good drug targets as these encoded proteins may be very divergent from more evolutionarily conserved eukaryotic proteins found in their hosts [1] . A major source of HGT that has occurred in eukaryotes is associated with endosymbiosis, which is termed EGT (endosymbiotic gene transfer). The most welldocumented examples of endosymbiosis are the two events that gave rise to the mitochondria and plastids from bacterial cells. The transition from free living cell to organelle was accompanied by large-scale EGT, as genes were transferred from the organelle genomes to the host genome. Prediction of HGTs in eukaryotes allows us to better understand these seminal evolutionary steps and predict potential drug targets.
HGT prediction techniques can be split into four categories, depending on the information they utilize: (i) codons, (ii) BLAST, (iii) gene distribution, and (iv) phylogenetics. The present article describes each approach and discusses it in the context of HGT prediction in eukaryotes. This is followed by a more in-depth look at the metabolic evolution resource metaTIGER [2] , as this website brings together much data, and many tools, which are needed for HGT prediction.
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Approaches to HGT prediction

Codon-based approaches
Codon approaches are based on the principle that particular organisms have biases in G+C content and codon usage. This means that genes that are transferred from a donor to a recipient organism will initially have the G+C content and codon usage of their original host organism. HGT is detected by looking for genes or groups of genes that have a G+C content and or codon biases [3, 4] that differs from that of the host. An advantage of this method is that you can detect HGT events in a genome without needing other genomes for comparison.
This approach is valid when dealing with relatively recent HGT events, but is unlikely to detect ancient events, as HGTs slowly evolve to assimilate with their new genomic environment [5] . Hence this approach is unlikely to detect HGT events that occurred as a result of endosymbiotic events in eukaryotic evolution. Another important limitation of codon-based approaches is that, even if HGTs are identified accurately, there is no indication of the origin of the gene. For this to be overcome, further phylogenetic analysis is needed. Furthermore, in the past when such phylogenetic analysis has been carried out, it has revealed that the results of the initial G+C or codon-content-based analysis contained many false positives and negatives [6] .
BLAST-based approaches
BLAST provides a rapid and simple way of identifying which proteins in a database are most similar to a query protein. If a protein in an organism is found to have greatest similarity to taxonomically distant organisms, then it might be suggested that it was HGT. Owing to the ease with which it can be applied to large amounts of data, it has been used in large genomic projects as a means of assessing the origins of the genes within a genome. For example, BLAST was used to assess the origins of proteins from the diatom Thalassiosira pseudonana [7] . The diatoms are a group of algae that acquired their plastid via a secondary endosymbiosis event. They found that the T. pseudonana proteome is diverse in its origins, probably as a result of the bringing together of multiple genomes during the secondary endosymbiosis event [7] .
Although the protein that is most similar may also be the closest relative, this is not always the case. A study that compared the best BLAST hits to closest phylogenetic neighbours in Escherichia coli and Aeropyrum pernix found that 27.3% (63/231) and 40.5% (70/173) of best BLAST hits respectively were not closest phylogenetic neighbours [8] . This is partially understandable in the case of A. pernix, as, at the time of this study, few of its close relatives were sequenced, but is of more concern with E. coli whose close neighbour Salmonella enterica serotype Typhimurium was sequenced. A clear example of the dangers of using BLAST to infer HGT was the prediction of the human genome consortium of 113 genes in the human genome to be transferred from bacteria [9] . When these predictions underwent further phylogenetic analysis, no support was found for any of them [10] [11] [12] .
Gene-distribution-based approaches
Gene-distribution-based approaches look to identify genes that are unevenly distributed between related species. For example, identification of a gene within a single fungal species that is normally found in bacteria suggests that this species gained the gene from bacteria via HGT. This approach has been used to identify the gain of insertion sequence elements carrying useful genes in archaea [13] and to show that metabolic genes in the periphery of the metabolic network are more likely to be gained via HGT than those in the core [14] .
This approach has many limitations. Insufficient and biased taxon sampling may lead to the misidentification of HGT events. Any events that are identified could also have been brought about by gene loss or rapid divergence in the related species. Also, it can only be used to identify the HGT of novel genes from genomes that are completely sequenced, otherwise any rare gene find could actually be the result of incomplete genomic data used in the comparative study.
Phylogenetic approaches
Phylogenetic approaches are based on the comparison of the phylogenetic tree of single genes with that of the accepted taxonomy. If the phylogenetic tree of a gene matches the accepted phylogeny, then no HGT event has occurred; however, if an organism is found in an unexpected part of the tree, then it is a strong indication of HGT (Figure 1) . The phylogenetic analysis of a gene is a four-stage process: (i) a set of genes which carry out the same function from other organisms, termed orthologues, must be collected; (ii) the orthologues are then aligned; (iii) the alignment is then used to make a phylogenetic tree; and (iv) the tree is compared with the accepted taxonomy of the organisms. To carry out phylogenetic analysis on a whole genome, the process must be automated, and fortunately several analysis pipelines already exist [15, 16] . Even with these analysis pipelines, the task is very computationally expensive, mainly owing to the alignment and tree construction stages. To escape the computational burden of phylogenetic analysis, it is possible to use resources such as metaTIGER (discussed in greater On the left is a reference tree which shows the accepted phylogeny. On the right is a tree which was made from a gene that is a HGT from cyanobacteria to plants, for instance, as a result of the endosymbiotic event that created plastids. detail below) which provides users with a collection of phylogenetic trees and the tools to search them for HGT events.
Of the approaches discussed in the present paper, phylogenetics has proven the most powerful for studying HGT in eukaryotes. Unlike codon-based approaches, phylogenetics can look at ancient HGT events and can provide information about the origin of the gene. Phylogenetic approaches are more accurate than using the top BLAST hit. Phylogenetic approaches are not as reliant on taxonomic sampling and genome completeness as gene distribution approaches, meaning that eukaryotes for which only EST (expressed sequence tag) data or preliminary genome data is available can be considered. Although phylogenetic approaches are the most powerful, they are also the most complex. There are many methodologies to choose from, and there is the possibility that issues such as 'long branch attraction' [17] may affect tree topology. In particular, there are two stages that are important when identifying HGTs, which are the correct identification of orthologues ( Figure 2 ) and the correct placement of the root of the tree (Figure 3 ). Mistakes at either of these stages can lead to incorrect identification of HGT events. Furthermore, it is difficult to be quantitative in deciding how many organisms must be associated for it to be Three phylogenetic trees are shown. The tree at the top is unrooted, and the two trees beneath it represent two possible rooted trees that can be made from the unrooted tree. The two rooted trees vary as they use different branches to place the root (indicated by the branch colouring and root labels). The rooted tree on the left indicates the rooted tree when the root is placed correctly. The tree on the right indicates the tree when the root is placed incorrectly. In the tree where the root is incorrectly placed, it can be seen that the plants group closer to the bacteria than do the animals. Such mistakes can lead to misidentification of HGT events.
named as an HGT. In the present article, we continue to discuss the metabolic evolution resource metaTIGER in more detail. In particular, describing how the problems relating to phylogenetic approaches to HGT prediction mentioned above were dealt during the construction of metaTIGER. metaTIGER: a tool for HGT prediction metaTIGER (http://www.bioinformatics.leeds.ac.uk/ metatiger) is a metabolic evolution resource that contains the predicted metabolic enzymes of over 120 eukaryotes. The enzymes were predicted using the bioinformatics program SHARKhunt [18] , which is very sensitive, thus allowing distant orthologues to be identified. SHARKhunt searches genomes with 2908 enzyme profiles, allowing all the enzymes that are present in an organism, and which have a profile, to be identified. To accompany each of the enzymes is a phylogenetic tree, which includes sequences taken from over 400 prokaryotes. This means metaTIGER has over 2000 phylogenetic trees, some of which include over 500 organisms. Previous studies that have considered unicellular eukaryotes have shown that metabolic enzymes are more likely to have been gained via HGT than other gene types [19] [20] [21] [22] [23] . This means that metaTIGER's phylogenetic trees and the tools it provides for exploring them make an excellent dataset for investigating the levels of HGT that have occurred during the evolution of unicellular eukaryotes.
Several steps were taken during the construction of meta-TIGER to ensure that suitable sequences were included in the phylogenetic trees. The prediction software SHARKhunt uses high-quality enzyme profiles created from sequences that are associated with defined EC numbers by the PRIAM resource [24] . Using these with sensitive profile and hidden Markov model searches, the software is able to find enzymes in highly divergent organisms such as Plasmodium falciparum [25] . The software analyses raw DNA sequence and does not need gene models to have been constructed, allowing the inclusion of eukaryotes for which genome annotation is limited or for which available gene models are poor. Each of the predicted enzymes is assigned a confidence score in the form of an E-value. When selecting sequences to be included in the phylogenetic trees, a very stringent E-value cut-off of less than 1.0e −30 was used, which means the sequence included in the trees are highly likely to be orthologues. To minimize further the possibility of including paralogous sequences in the trees, only the single lowest E-value hit (below the cut-off) for each EC number in any genome was included.
The metaTIGER phylogenetic trees were constructed from the conserved regions of enzymes using the maximumlikelihood tree construction method PhyML [26] . Using only the conserved regions of genes for phylogenetic reconstruction has been shown to result in a more accurate tree topology [27] and maximum-likelihood is regarded as the most accurate tree construction methodology. Furthermore, each of the trees was subjected to 100 bootstrap replicates, which means that confidence scores are assigned to each of the groupings within the phylogenetic tree.
There are two ways of exploring the metaTIGER phylogenetic trees: the first is using the interactive tree viewer iTOL [28] and the second is by using the phylogenetic tree-searching software PHAT that is included in the PhyloGenie package [15] . Both of these have ways of coping with the rooting problem shown in Figure 3 . When manually viewing the trees, iTOL allows users to manually reroot the trees, and, when searching the trees using PHAT, the software has an automated rerooting technique, which ensures that the groups being tested for HGT events do not cross the root of the tree.
The steps discussed above should reduce the incorrect identification of HGTs when using metaTIGER. When metaTIGER was used to investigate the number of EGTs in Plasmodium, 11 predictions were made [2] . This is likely to be an underestimate of the actual levels of EGT, as some genes do not contain enough signal to reliably construct a phylogenetic tree. This means that metaTIGER makes high-confidence HGT predictions, but these are likely to underestimate the levels that have occurred.
Conclusions
As the amount of eukaryotic sequence data that is available increases, investigation of the levels of HGT that have occurred throughout eukaryotic evolution becomes possible. Phylogenetic investigation can be used to identify HGT, although much care must be taken while doing this. Resources such as metaTIGER provide a good platform for the investigation of HGT in eukaryotes.
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